ABSTRACT: Much of the debate about alternative scaling exponents may result from unawareness of the dimensionality appropriate for different data and questions; in some cases, analysis has to include a fourth temporal dimension, and in others, it does not. Proportional scaling simultaneously applied to an organism and its generation time, treating the latter as a natural fourth dimension, produces a simple explanation for the 3/4 power in large-scale interspecies comparisons. Analysis of data sets of reduced dimensionality (e.g., data sets constructed such that one or more of the four dimensions are fixed), results in predictably lower metabolic exponents of 2/3 and 1/2 under one and two constraints, respectively. Our space-lifetime view offers a predictive framework that may be useful in developing a more complete mechanistic theory of metabolic scaling. Our point of departure is a well-known observation: with respect to body mass (M) in a wide range of taxa,
M1 and thus is proportional (isometric, not allometric) to body size. As a consequence, since mass-specific metabolism scales as M-114, the lifetime metabolism of each gram of an organism is independent of body size. Though frequently remarked on, this characteristic of the life span is usually considered an outcome of other scaling relationships (Lindstedt and Calder 1981; Brown et al. 2004 ) and has not been treated as a primary principle of scaling theory-although it has formed the basis of a theory of aging (Pearl 1928 ). To us, these observations suggest instead that the scaling of lifetimes may reflect a fundamental manner in which organisms of all body masses are ecologically and evolutionarily functionally similar. Thus, we would expect that adding ecological time to scaling theory would simplify the theory with no loss of explanatory power.
Here we build forcefully on this suggestion by defending a simple proposition: it is productive to view organisms as 4-D objects with three spatial dimensions and one temporal dimension that is equal to the generation time. This space-lifetime hypothesis has immediate implications. Scaling now has to be thought of as simultaneous proportional change in all spatial dimensions and in generation time. In this view, 3/4 scaling of metabolism is not at all surprising since the exchange of energy with the environment takes place through a 3-D surface (two spatial and one temporal) and expenditures are correspondingly 4-D (three spatial and one temporal). All the 1/4-power allometries for linear dimensions and life history follow simultaneously from this simple view. Blum (1977) reasoned similarly that if organisms were literally four-dimensional, then the exponent 3/4 follows easily, but he did not suggest what that fourth dimension should be. Time associated with physiological processes has been treated as an explicit dimension in some physiological models of metabolism (Heusner 1982; da Silva et al. 2006) , and it of course plays a key role in many others (e.g., Banavar et al. 2002) . However, in this note we are concerned with ecological time-specifically, generation times. Ecological time-related characters have been mentioned in the literature as candidates for a fourth dimension, but this topic has not been explored further (Hainsworth 1981; Calder 1984) .
It is a straightforward observation that, to a first approximation, the power of unity in the lifetime metabolic- (Nagy 2005) . We expect that the results of using basal rates will thus be comparable to use of FMR directly.
Within species, data on life prolongation due to caloric restriction give an idea of an "exchange rate" of metabolism versus longevity. Reducing caloric input by up to 30% extends life by the equivalent percentage ( We venture below to make some specific predictions based on our 4-D view. We have been able to test some of them with satisfactory results; others remain conjectures for future testing.
Predicted and Actual Allometries for Subsets of Reduced Dimensionality
First, consider a set of organisms of different sizes that all share the same generation time. This means that one dimension out of four is fixed, and the organisms differ only in three dimensions rather than four. Metabolism in a 3-D system would be expected to scale not as 3/4 but as 2/3, consistent with the reasoning of Rubner (1883) and other pre-Kleiber workers. However, from our 4-D view, the reason that the slope will be different is simply that one dimension has been removed. An important special case of such 3-D sets is that members of a single species have essentially the same generation time. Thus, we would predict that intraspecific metabolism would scale with a lower exponent, ideally 2/3. This prediction is in complete agreement with the well-known observation that intraspecific scaling exponents for metabolism are often different from interspecific exponents and tend to be closer to 2/3 than to 3/4 (Feldman and Second, note that if, in a 3-D set of organisms, we standardize an additional dimension (e.g., one of the three spatial dimensions, say, body length), we effectively remove two of the four dimensions. By the foregoing reasoning, we would then expect the slope to be 1/2 (i.e., the remaining variability is 2-D).
Substantial data are available to test these predictions for Homo sapiens. As a single species, it is 3-D and thus should exhibit a metabolic scaling exponent of 2/3; in fact, Table 1 shows that the results for mammals are similar to those for humans. In the 4-D (unconstrained) case, the metabolic exponent is not different from 3/4, and the 95% confidence interval does not include 2/3. In the 3-D case (controlling for life span), the exponent is lower, but variation is such that it is consistent with either 2/3 or 3/4. In the 2-D case (controlling for both life span and length), the exponent is 0.46, not significantly different from 1/2 and almost exactly the value that we obtained in the intraspecific case (fig. 2) .
The focal values of 3/4, 2/3, and 1/2 correspond to integer reductions in dimensionality, and they seem to represent the modal values seen widely in metabolic scaling (Glazier 2005 ). However, we can easily imagine fractional dimension reduction, which would produce metabolic scaling exponents of various intermediate values. For example, mammals are not perfect cubes, and the slope of the regression of body mass to length tends to be slightly larger (up to 3.6) than the expected 3.0 in most orders (Damuth 1990; Silva 1998) . The same exponent is closer to 2.8 for fishes (this note) and for mammalian carnivores (Van Valkenburgh 1990). Thus, constraining by body length would be expected to have different effects in different groups, because slightly more or slightly less than a full spatial dimension contributing to body mass is being standardized.
Actual morphological, developmental, or temporal constraints (as opposed to those imposed statistically by the investigator) may also cause observed metabolic allometries with powers outside of this simple set of (n -1)/n fractions or with powers unexpected from the apparent dimensionality of the system. For example, the low exponents for metabolic scaling observed in small (<50 g) mammals (1/2 or even 1/3; Glazier 2005) immediately suggest to us that small mammal species effectively form at most a 2-D set. We conjecture that small mammals experience constraints in both spatial and temporal dimensions. We have no suggestions for the source of the apparent reduction by an additional dimension. Nevertheless, the 4-D view allows us to frame a novel question about the system that may lead to further understanding.
Discussion
The space-lifetime view predicts the 3/4 exponent for metabolic scaling across species. Significantly, it also successfully predicts the exponents of metabolic scaling in sets of organisms of progressively lower dimensionality, and it further correctly predicts that intraspecific metabolic slopes will tend to be lower than interspecific slopes-and ordinarily closer to 2/3. Considering these observations and other conjectures discussed above, we suggest that our proposed 4-D view of metabolic scaling is in many ways simpler than the conventional 3-D view but with a similar and, in some cases, superior predictive power.
We are aware that there are multiple explanations within the 3-D framework for many of the same patterns that we address (Glazier 2005) . Perhaps surprisingly, we would argue that our theory is not likely to be a competing causal theory, nor does it necessarily contradict existing 3-D theories. We rely, informally, on the concept of duality to suggest how this can be so.
Duality is a widely used concept in modern physics. The two dual theories describe the same facts in different ways, typically by differing by one dimension. In a sense, they are the same theory but distinct formulations that emphasize different aspects or package the ingredients differently (Randall 2005) . Neither 3-D nor 4-D metabolic theory has been developed sufficiently to determine whether the theories are formally dual. But it is in the spirit of such a possible duality that we offer our 4-D view. The fact that we do not have a mechanistic 4-D model yet see predictable relationships from that perspective strongly suggests duality with 3-D mechanistic theory rather than an alternative or replacement.
We thus present our view without a mechanistic underpinning. Knowledge of regular patterns in nature without a concurrent understanding of their underlying mechanisms is more common (and useful) in science than people often think (Greene 2001 ). Darwin's lack of knowledge of the mechanisms of heredity (which we now understand) or physics' lack of a mechanism for gravity (which we still do not understand) are just two examples. Our presentation of a nonmechanistic framework means only that this represents less of an intellectual advance than one would strive for.
When we add generation time to scaling theory as an organism's fourth dimension, we see order involving metabolic exponents that was previously obscured. The exponents depend in a simple way on the dimensionality of the set of organisms being considered: 1/2 for two dimensions, 2/3 for three, 3/4 for four. We believe that our 
